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ZKLFK FDQ EH FODVVLILHG LQWR WKUHH PDLQ FDWHJRULHV  WKH WUDGLWLRQDO DSSURDFKHV GHYHORSHG IRU YHULI\LQJ
JHRWHFKQLFDO DQG VWUXFWXUDO EHKDYLRURIZDOOV LQZKLFK WKH UHODWLYHPRWLRQVRI WKHZDOO DQGEDFNILOOPDWHULDO DUH
VXIILFLHQWO\ODUJHWRLQGXFHDOLPLWRUIDLOXUHVWDWHLQWKHVRLOWKRVHLQZKLFKWKHZDOOLVHVVHQWLDOO\ULJLGDQGWKH
JURXQGPRWLRQLVRIVXIILFLHQWO\ORZLQWHQVLW\VRWKDWWKHEDFNILOOLVSUHVXPHGWRUHVSRQGZLWKLQWKHOLQHDUO\HODVWLF
PDQQHUWKRVHLQZKLFKWKHVRLOEHKDYHVDVDQRQOLQHDUK\VWHUHWLFPDWHULDO
7KHPRVWZHOONQRZQPHWKRGV RI WKH ILUVW FDWHJRU\ DUH WKH0RQRQREH2NDEH 02PHWKRG 0RQRQREH DQG
0DWVXR2NDEHDQGLWVYDULRXVYDULDQWV6HHGDQG:KLWPDQ5LFKDUGVDQG(OPV1DGLP
DQG:KLWPDQ 5HSUHVHQWDWLYHV RI WKH VHFRQG FDWHJRU\ DUH WKH FRQWULEXWLRQV RI0DWVXR DQG2KDUD 
:RRG9HOHWVRVDQG<RXQDQDEDQG<RXQDQDQG9HOHWVRV5HSUHVHQWDWLYHVRIWKH
WKLUGFDWHJRU\DUHWKHFRQWULEXWLRQVRI6LGGKDUWKDQHWDO6LOOHUHWDO(OJDPDODQG$ODPSDOOL
$O+RPRXG DQG:KLWPDQ  &DNLU  0RUHRYHU WKH DFFXUDF\ RI WKH HODVWLF VROXWLRQV KDV EHHQ
YHULILHGZLWKILQLWHHOHPHQWDQDO\VHVFDUULHGRXWE\:XDQG)LQQDQG3VDUURSRXORVHWDO
'\QDPLFHDUWKSUHVVXUHVDQGVHLVPLFDQDO\VLVRIUHWDLQLQJZDOOVKDYHEHHQDQDUHDRIDFWLYHUHVHDUFKIRURYHU
\HDUV GXH WR WKH DEXQGDQFH DQG LPSRUWDQFH RI HDUWK UHWDLQLQJ VWUXFWXUHV DQG WKH FRPSOH[LW\ RI WKHLU G\QDPLF
UHVSRQVH :LOVRQDQG(OJDPDO/LWHUDWXUH LQYHVWLJDWLRQVKRZV WKDWSOHQW\RI UHVHDUFKKDVEHHQFDUULHGRXW
FRQFHUQLQJ WKH G\QDPLF EHKDYLRU RI UHWDLQLQJ ZDOOV DQG D QXPEHU RIPHWKRGV RI YDU\LQJ GHJUHHV RI DFFXUDF\
HIILFLHQF\DQGVRSKLVWLFDWLRQKDYHEHHQGHYHORSHGIRULWVHYDOXDWLRQ+RZHYHUOLPLWHGUHVHDUFKKDVEHHQFDUULHGRXW
RQ WKHHIIHFWVRIVRLO±VWUXFWXUH LQWHUDFWLRQDPRQJ WKHP LQVSLWHRIPXOWLWXGHRIVWXGLHV WKDWKDYHEHHQSHUIRUPHG
RYHU WKH \HDUV (YLGHQFH RI HDUWKTXDNHLQGXFHG GDPDJHV WR UHWDLQLQJ VWUXFWXUHV LV ZLGHO\ GRFXPHQWHG LQ WKH
OLWHUDWXUHDQGVWLOOVWLPXODWHVWKHLQWHUHVWIRUVROXWLRQVFDSDEOHWRHPERG\WKHHIIHFWRIVHLVPLFORDGLQJ)XUWKHUPRUH
QXPHULFDOPRGHOVWXGLHVKDYHGHPRQVWUDWHG WKDW WKHEDFNILOO VWLIIQHVVDQGUHWDLQLQJZDOO IOH[LELOLW\PRYHPHQWFDQ
VXEVWDQWLDOO\ LPSDFW WKHVHLVPLFEHKDYLRURI UHWDLQLQJZDOOVDQGGLVWULEXWLRQRIG\QDPLFHDUWKSUHVVXUH OHDGLQJ WR
ORZHURYHUDOOG\QDPLF WKUXVWVDQGPRPHQWV$VVXFK WKHPDLQJRDORI WKLVVWXG\ LV WRVKHG OLJKWRQWKHHIIHFWRI
YDULDWLRQRIEDFNILOOSURSHUWLHVRQG\QDPLFUHVSRQVHRIDFDQWLOHYHUUHWDLQLQJZDOOVXEMHFWHGWREDFNILOODQGVXEVRLO
LQWHUDFWLRQV
 3URSRVHG'ILQLWHHOHPHQWPRGHODQGVHLVPLFDQDO\VLV
&RPSXWHUDLGHGDQDO\VHVRIVWUHVVHVVWUDLQVDQGGLVSODFHPHQWVRIVRLOVWUXFWXUHVKDYHPDGHUHPDUNDEOHDGYDQFHV
LQUHFHQW\HDUV&RQFHUQLQJWKHPRGHOFKRLFHLWVHHPVWKDWDODUJHSDUWRIWKHHQJLQHHULQJFRPPXQLW\KDVIROORZHGD
SDWKWRZDUGVWKHXVHRIILQLWHHOHPHQWPRGHOV$FFRUGLQJO\WKHILQLWHHOHPHQWPHWKRGVKDYHDOVREHFRPHDYDOXDEOH
WRRO LQJHRWHFKQLFDO HQJLQHHULQJ WRHYDOXDWH WKHEHKDYLRURI FRPSOH[ VWUXFWXUHV)LJ VKRZV WKHSURSRVHG ILQLWH
HOHPHQWPRGHOIRUWKHSUREOHPRIFDQWLOHYHUUHWDLQLQJZDOOXQGHULQYHVWLJDWLRQZKLFKFRQWDLQVGLIIHUHQWDVSHFWVRI
WKHPRGHO7KHILQLWHHOHPHQWPRGHOOLQJDQGDQDO\VHVZHUHSHUIRUPHGXVLQJWKHJHQHUDOSXUSRVHVWUXFWXUDODQDO\VLV
SURJUDP$16<6$16<6
7KHKHLJKWVRIWKHZDOODQGVRLOVWUDWXPDUHFRQVLGHUHGWREHWKHVDPH7KHYHUWLFDOVWHPKHLJKWRIWKHFDQWLOHYHU
ZDOOLV+ PWKHZDOOVWHPKDVDFRQVWDQWWKLFNQHVVRIPWKHWKLFNQHVVRIEDVHVODELVPDQGWKHEDVHVODE
ZLGWK LV P 7KH FDQWLOHYHUZDOO V\VWHP LV IRXQGHG RQ D GHIRUPDEOH VRLO OD\HU RI WKLFNQHVV + ,Q WKH ILQLWH
HOHPHQWPRGHOOLQJWKHVWUXFWXUDOZDOOLVPRGHOOHGZLWK'UHLQIRUFHGFRQFUHWHVROLGHOHPHQWV62/,'GHILQHG
E\ HLJKW QRGHV KDYLQJ WKUHH WUDQVODWLRQDO GHJUHHV RI IUHHGRP LQ HDFK QRGH 7KH 62/,' LV XVHG IRU WKH '
PRGHOLQJ RI VROLGVZLWK RUZLWKRXW UHLQIRUFLQJ EDUV 7KH VROLG LV FDSDEOH RI FUDFNLQJ LQ WHQVLRQ DQG FUXVKLQJ LQ
FRPSUHVVLRQ7KHEDFNILOODQGVRLOIRXQGDWLRQV\VWHPDUHPRGHOOHGZLWK'VWUXFWXUDOVROLGHOHPHQWV62/,'
ZLWK HLJKW QRGHV KDYLQJ WKUHH GHJUHHVRIIUHHGRP DW HDFK QRGH WUDQVODWLRQV LQ WKH QRGDO [ \ ] GLUHFWLRQV 7KH
62/,'KDVSODVWLFLW\K\SHUHODVWLFLW\VWUHVVVWLIIHQLQJFUHHSODUJHGHIOHFWLRQDQGODUJHVWUDLQFDSDELOLWLHV,WDOVR
KDVPL[HGIRUPXODWLRQFDSDELOLW\IRUVLPXODWLQJGHIRUPDWLRQVRIQHDUO\LQFRPSUHVVLEOHHODVWRSODVWLFPDWHULDOVDQG
IXOO\ LQFRPSUHVVLEOH K\SHUHODVWLF PDWHULDOV 5HDVRQDEOH PRGHOOLQJ RI WKH ZDOOEDFNILOO LQWHUIDFH UHTXLUHV XVLQJ
VSHFLDO LQWHUIDFH HOHPHQWV EHWZHHQ WKH ZDOO DQG WKH DGMDFHQW VRLO WR DOORZ IRU VHSDUDWLRQ +HQFH DV D VSHFLDO
LQWHUIDFHHOHPHQWQRQOLQHDUVSULQJ&20%,1LVXVHGEHWZHHQWKHEDFNILOODQGWKHZDOODOORZLQJIRUWKHRSHQLQJ
DQGFORVLQJRIWKHJDSVLHGHERQGLQJDQGERQGLQJWRPRGHOEDFNILOOZDOOLQWHUDFWLRQLQWKLVVWXG\&20%,1LV
DXQLGLUHFWLRQDOHOHPHQWZLWKQRQOLQHDUJHQHUDOL]HGIRUFHGHIOHFWLRQFDSDELOLW\WKDWFDQEHXVHGLQDQ\DQDO\VLV7KH
HOHPHQW KDV ORQJLWXGLQDO RU WRUVLRQDO FDSDELOLW\ LQ ' ' RU ' DSSOLFDWLRQV 7KH ORQJLWXGLQDO RSWLRQ LV D
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XQLD[LDOWHQVLRQFRPSUHVVLRQHOHPHQWZLWKXSWRWKUHHGHJUHHVRIIUHHGRPDWHDFKQRGHWUDQVODWLRQVLQWKHQRGDO[
\DQG]GLUHFWLRQV
,Q PDQ\ HDUWKTXDNH HQJLQHHULQJ DQG VHLVPRORJLFDO SUREOHPV ZDYH SURSDJDWLRQ H[DPLQDWLRQV LQ D ODUJH VRLO
PHGLXP DUH QHFHVVDU\ DQG DOVR WKH VLPXODWLRQ RI WKH LQILQLWH PHGLXP LV DQ H[WUHPHO\ LPSRUWDQW WRSLF LQ WKH
G\QDPLFVRLOVWUXFWXUHLQWHUDFWLRQSUREOHPV7KHJHQHUDODSSURDFKRIWUHDWLQJWKHVHSUREOHPVLVWRGLYLGHWKHLQILQLWH
PHGLXPLQWRWKHQHDUILHOGWUXQFDWHGOD\HUZKLFKLQFOXGHVWKHLUUHJXODULW\DVZHOODVWKHQRQKRPRJHQLW\RI WKH
VRLO DGMDFHQW WR WKH VWUXFWXUH DQG WKH IDU ILHOGZKLFK LV VLPSOLILHG DV DQ LVRWURSLF KRPRJHQHRXV HODVWLFPHGLXP
:ROI DQG 6RQJ  ,Q WKLV VWXG\ WKH YLVFRXV ERXQGDU\PRGHO /\VPHU DQG.XKOHPH\HU ZKLFKZDV
VXFFHVVIXOO\HPSOR\HGLQWKHILQLWHHOHPHQWPRGHOOLQJRIWKHFDQWLOHYHUZDOOVSHUIRUPHGE\&DNLULV
XVHGLQWKUHHGLPHQVLRQVWRFRQVLGHUUDGLDWLYHHIIHFWRIWKHVHLVPLFZDYHVWKURXJKWKHVRLOPHGLXP7RUHSUHVHQWWKH
EHKDYLRURI WKHVHPLLQILQLWHEDFNILOOPHGLXPWKHFULWLFDOPLQLPXPGLVWDQFHIURPWKHIDFHRI WKHZDOO LV WDNHQDV
+ D YDOXHZKLFK LV EHOLHYHG WR DSSUR[LPDWH DGHTXDWHO\ WKH EHKDYLRU RI WKH VHPLLQILQLWH OD\HU 9HOHWVRV DQG
<RXQDQD3VDUURSRXORVHWDO,QWKLVFRQWH[WWKHGDVKSRWVZHUHDOVRSODFHG+DZD\IURPWKHZDOOLQ
WKUHHGLPHQVLRQVWR LPSURYHWKHDFFXUDF\RI WKHVLPXODWLRQ6LPLODUO\ WKHDUWLILFLDOYLVFRXVERXQGDULHVKDYHEHHQ
SODFHGLQWKUHHGLPHQVLRQVRQWKHERXQGDULHVRIVRLOIRXQGDWLRQPHGLXP



)LJ)LQLWHHOHPHQWPRGHORIVRLOVWUXFWXUHLQWHUDFWLRQV\VWHPXQGHUFRQVLGHUDWLRQ
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
$VHULHVRIG\QDPLFDQDO\VHVZLWKYDULDWLRQRISDUDPHWHUVVXFKDVSK\VLFDODQGPHFKDQLFDOSURSHUWLHVRIEDFNILOO
VRLOZHUHFDUULHGRXWHPSOR\LQJWKHVXJJHVWHGILQLWHHOHPHQWPRGHO7KH<RXQJ¶VPRGXOXV3RLVVRQ¶VUDWLRDQGXQLW
ZHLJKWRIWKHZDOODUH03DDQGN1PUHVSHFWLYHO\7KH<RXQJ¶V0RGXOXVWKH3RLVVRQ¶VUDWLRDQG
WKH XQLWZHLJKW RI FRKHVLRQOHVV IRXQGDWLRQ VRLOZHUH WDNHQ WR EH 03D  DQG  N1P UHVSHFWLYHO\7R
DVVHVV EDFNILOO LQWHUDFWLRQ HIIHFWV RQ G\QDPLF UHVSRQVH RI WKH FDQWLOHYHU UHWDLQLQJ ZDOO VXSSRUWHG RQ IOH[LEOH
IRXQGDWLRQ IRXU GLIIHUHQW EDFNILOO VRLO W\SHV ZHUH FRQVLGHUHG LQ WKH DQDO\VHV DV VKRZQ LQ 7DEOH  ::783
FRPSRQHQW RI13DOP6SULQJV HDUWKTXDNHZDV XVHG LQ WKHQRQOLQHDU WLPHKLVWRU\ DQDO\VHV7KHKRUL]RQWDO
SHDN JURXQG DFFHOHUDWLRQ IRU WKH UHFRUG UHDFKHV  PV )XUWKHUPRUH 5D\OHLJK GDPSLQJ ZDV WDNHQ LQWR
FRQVLGHUDWLRQLQWKHDQDO\VHV7KHGDPSLQJYDOXHVIRUERWKVWUXFWXUHDQGVRLOZHUHSUHVXPHGWREH

7DEOH3URSHUWLHVRIWKHEDFNILOOVRLOW\SHV
6RLOW\SHV (N1P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N1P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PV 9SPV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
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EDFN IDFHVRI WKH FDQWLOHYHUZDOO DQG WKHLU RFFXUUHQFH WLPHV GHSHQGLQJRQ WKH YDULDWLRQRI EDFNILOO VRLO VWLIIQHVV
7DEOHLQGLFDWHVWKDWWKHUHVSRQVHVRIWKHV\VWHPDUHGLIIHUHQWIURPHDFKRWKHUVRWKDWWKHPD[LPXPYDOXHVRIERWK
ODWHUDOGLVSODFHPHQWVDQGVWUHVVHVFKDQJHGZLWKFKDQJLQJVRLOFRQGLWLRQV

7DEOH6XPPDU\RIWKHPD[LPXPG\QDPLFUHVSRQVHVDQGWKHLURFFXUUHQFHWLPHV
6RLOW\SHV 6 6 6 6
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ut0D[LPXPODWHUDOWRSGLVSODFHPHQWRIFDQWLOHYHUZDOOSzbSybDQGSxb6WUHVVHVHVWLPDWHGRQWKHEDFNIDFHEDFNILOOVLGHRIWKHFDQWLOHYHUZDOO
LQz, y DQGxGLUHFWLRQVUHVSHFWLYHO\SzfSyfDQGSxf6WUHVVHVHVWLPDWHGRQWKHIURQWIDFHRIWKHFDQWLOHYHUZDOOLQz, y DQGxGLUHFWLRQVUHVSHFWLYHO\

7KHPD[LPXP GLVSODFHPHQW UHVSRQVHV DORQJ WKH KHLJKW RI WKH FDQWLOHYHUZDOO DUH VKRZQ LQ )LJ  7KHPRVW
LPSRUWDQW SRLQW DULVLQJ IURP WKH FRPSDULVRQV LV WKDW WKH YDULDWLRQ RI EDFNILOO VRLO VWLIIQHVV QRWDEO\ DIIHFWV WKH
GLVSODFHPHQW UHVSRQVHRI WKH V\VWHPVR WKDW WKHGLVSODFHPHQW UHVSRQVHRI WKHFDQWLOHYHUZDOOGHFUHDVHVZKLOH WKH
EDFNILOO VWLIIQHVV GHFUHDVHV ,W LV ZRUWK VWDWLQJ KHUH WKDW WKHVH GLVSODFHPHQWV UHSUHVHQW WKH UHODWLYH ODWHUDO
GLVSODFHPHQWVRIWKHZDOOZLWKUHVSHFWWRWKHJURXQG



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
)LJ&RPSXWHGODWHUDOGLVSODFHPHQWVDORQJWKH
KHLJKWRIWKHFDQWLOHYHUUHWDLQLQJZDOO )LJ&RPSXWHGODWHUDOWRSGLVSODFHPHQWWLPHKLVWRULHVRIFDQWLOHYHUUHWDLQLQJZDOO

7RFODULI\WKHFKDQJHVRIWKHODWHUDOGLVSODFHPHQWGXHWRWKHEDFNILOOVRLOVWLIIQHVVYDULDWLRQWKHGHYLDWLRQVRIWKH
GLVSODFHPHQWVLQWLPHDUHLOOXVWUDWHGLQ)LJ$V)LJGHPRQVWUDWHVZKLOHWKHPD[LPXPODWHUDOWRSGLVSODFHPHQW
ZDVFDOFXODWHGDVPDWVIRU6VRLOW\SHWKHVDPHTXDQWLW\ZDVFRPSXWHGDVPDWVIRU6
VRLOW\SH7KHUHIRUHLWFDQEHVWDWHGWKDWEDFNILOOFDQWLOHYHUZDOOLQWHUDFWLRQDIIHFWVWKHV\VWHPEHKDYLRXUVRWKDWWKH
LQFUHPHQWLQWKHGLVSODFHPHQWUHVSRQVHLVDOPRVWDWDOHYHORI7KLVFRPSDULVRQFRQILUPVWKDWWKHH[FOXVLRQRI
WKHDFFXUDWHEDFNILOOSURSHUWLHVPD\FDXVHXQGHUHVWLPDWLRQRURYHUHVWLPDWLRQRIWKHGLVSODFHPHQWUHVSRQVHDQGWKLV
LQWXUQIDLUO\DIIHFWVWKHGHVLJQSURFHVVGXHWRWKHGLVSODFHPHQWVHQVLWLYLW\RIFDQWLOHYHUUHWDLQLQJZDOOV
7KHSUHGLFWHGVWUHVVUHVSRQVHVDQGWKHLUYDULDWLRQVLQWLPHDUHDOVRJLYHQLQWKLVVHFWLRQ$VSUHYLRXVO\VWDWHGWKH
PD[LPXPVWUHVVUHVSRQVHVDQGWKHLURFFXUUHQFHWLPHVDUHVXPPDUL]HGLQ7DEOH,WKDVWREHVWDWHGWKDWEHFDXVHDOO
UHVXOWV RI WKH DQDO\]HG PRGHOV FDQQRW EH LOOXVWUDWHG VRPH FRPSDULVRQV ZHUH VHOHFWHG WR GHVFULEH WKH V\VWHP
EHKDYLRU ,Q WKLV FRQWH[W WKH FRPSDULVRQV RI VWUHVV WLPH KLVWRU\ UHVSRQVHV LQ z GLUHFWLRQ IRU EDFN IDFH RI WKH
FDQWLOHYHUZDOO DUH VKRZQ LQ)LJ$V WKLV ILJXUHGHSLFWV WKHPD[LPXPVWUHVV UHVSRQVHVREWDLQHGDW WKHFULWLFDO
VHFWLRQVRIWKHZDOOJHQHUDOO\WHQGWRGHFUHDVHZLWKGHFUHDVLQJRIWKHEDFNILOOVRLOVWLIIQHVV)RUH[DPSOHDWWKHEDFN
IDFHRIWKHZDOOLQzGLUHFWLRQZKLOHWKHSHDNVWUHVVDVFRPSUHVVLRQKDVWKHYDOXHRI03DIRU6VRLOW\SHLW
LV FDOFXODWHG DV 03D IRU 6 VRLO W\SH 7KLV UHIOHFWV D GHFUHPHQW RI DERXW  LQ VWUHVV YDOXH GXH WR WKH
YDULDWLRQ RI EDFNILOO VRLO VWLIIQHVV ,I VLPLODU FRPSDULVRQV DUHPDGH IRU WKH RWKHU GLUHFWLRQV WKH VDPH WUHQG DQG
EDFNILOOLQWHUDFWLRQHIIHFWFDQEHREVHUYHG



)LJ6WUHVVWLPHKLVWRU\UHVSRQVHVLQ]GLUHFWLRQDWEDFNIDFHRIWKHFDQWLOHYHUZDOO
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&RQFOXVLRQV
'HWHUPLQLQJWKHVHLVPLFUHVSRQVHRIWKHFDQWLOHYHUUHWDLQLQJZDOOVLVUHJDUGHGDVRQHRIWKHFODVVLFDOSUREOHPVLQ
JHRWHFKQLFDOHQJLQHHULQJ$VWXG\RIVRLOVWUXFWXUHLQWHUDFWLRQLVDOVRHVVHQWLDOIRUWKHVDIHGHVLJQRIUHWDLQLQJZDOOV
7KHSUHVHQWSDSHUDWWHPSWVWRH[DPLQHWKHEDFNILOOHIIHFWVRQVHLVPLFEHKDYLRXURIDFDQWLOHYHUUHWDLQLQJZDOO7KH
HIIHFWV RI EDFNILOO LQWHUDFWLRQ RQ WKH RYHUDOO G\QDPLF UHVSRQVH RI WKH V\VWHP DUH LQYHVWLJDWHG E\ FRPSDULQJ WKH
UHVXOWVDPRQJIRXUGLIIHUHQWVRLOW\SHV7KHG\QDPLFUHVSRQVHRIEDFNILOOFDQWLOHYHUZDOOVRLOIRXQGDWLRQV\VWHPZDV
DVVHVVHGE\XVLQJ WKH WLPHKLVWRULHVRIFDOFXODWHG ODWHUDOGLVSODFHPHQWVRI WKHZDOODQGVWUHVVHV LQ WKHZDOO ,I WKH
ODWHUDO GLVSODFHPHQWV DQG VWUHVVHV DUH VFUXWLQL]HG LW LV KLJKOLJKWHG WKDW WKH UHVSRQVH DPSOLILFDWLRQ RU UHGXFWLRQ
SDWWHUQ LV KLJKO\ GHSHQGHQW RQ WKH EDFNILOO LQWHUDFWLRQ 7KHUHIRUH WKH W\SLFDO SURMHFWV UHODWHG WR WKH FDQWLOHYHU
UHWDLQLQJZDOOVPXVWEHFDUHIXOO\SXWLQWRSUDFWLFHVLQFHWKHORFDOVRLOFRQGLWLRQVPD\FKDQJHWKHV\VWHPEHKDYLRXU
,WLVKRSHGWKDWWKLVVWXG\ZLOOSURYLGHDFRQWULEXWLRQWRWKHDYDLODEOHNQRZOHGJHGDWDEDVHRIWKHVHLVPLFDQDO\VLVRI
FDQWLOHYHUZDOOV
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